Abstract: We argue that extensions of the Standard Model (SM) with a strongly firstorder electroweak phase transition generically predict significant deviations of the Higgs couplings to gluons, photons, and Z bosons from their SM values. Precise experimental measurements of the Higgs couplings at the LHC and at the proposed next-generation facilities will allow for a robust test of the phase transition dynamics. To illustrate this point, in this paper we focus on the scenario in which loops of a new scalar field are responsible for the first-order phase transition, and study a selection of benchmark models with various SM gauge quantum numbers of the new scalar. We find that the current LHC measurement of the Higgs coupling to gluons already excludes the possibility of a first-order phase transition induced by a scalar in a sextet, or larger, representation of the SU (3) c . Future LHC experiments (including HL-LHC) will be able to definitively probe the case when the new scalar is a color triplet. If the new scalar is not colored, an electron-positron Higgs factory, such as the proposed ILC or TLEP, would be required to test the nature of the phase transition. The extremely precise measurement of the Higgsstrahlung cross section possible at such machines will allow for a comprehensive and definitive probe of the possibility of a first-order electroweak phase transition in all models we considered, including the case when the new scalar is a pure gauge singlet.
Introduction
The recent discovery of a Higgs boson, with a mass of approximately 125 GeV, opens a new era of direct probes of electroweak symmetry breaking. Currently, the LHC data is consistent with the single Standard Model (SM) Higgs interpretation, with several rates measured at 20 − 30% level. In the coming years, much more precise measurements of the Higgs properties will be performed at the LHC, and, hopefully, at the nextgeneration lepton collider. Studies indicate that a per-cent level precision on many of the Higgs couplings can be realistically achieved [1] . It is therefore timely to consider physical implications of such high-precision Higgs measurements.
While today we clearly live in a state with broken electroweak symmetry, it is expected that the symmetry is restored at sufficiently high temperatures, e.g. in the early Universe. A transition from the high-temperature symmetric phase to the lowtemperature, broken-symmetry phase occurred about a nanosecond after the Big Bang. The dynamics of this transition is an open question, with potentially important implications. For example, a first-order phase transition, with significant entropy production, is required in scenarios of electroweak baryogenesis [2] [3] [4] , and may also produce potentially observable gravitational waves [5] . Theoretically, dynamics of the phase transition is determined by the structure of the Higgs effective potential (free energy) at finite temperature. While this object is not directly measurable at colliders, it is tightly connected to the properties of the Higgs boson at zero-temperature. One may therefore hope to gain useful information about the phase transition from precision Higgs data from collider experiments.
If physics up to the TeV scale is completely described by the SM, it is well known that the electroweak phase transition (EWPT) is second-order [6, 7] . Although no direct experimental evidence for physics beyond the Standard Model (BSM) currently exists, theoretical arguments strongly suggest that such physics should exist. If so, the dynamics of the EWPT is model-dependent.
Probably the best known scenario where the EWPT could be strongly first-order is the Minimal Supersymmetric Standard Model (MSSM) with a light stop. The stop has an appreciable coupling to the Higgs field, thus altering its effective potential and allowing a first-order EWPT [8] [9] [10] . The Higgs mass and rates measured at the LHC strongly disfavor this possibility [11, 12] , although some scenarios may still be possible, e.g. models with invisible Higgs decays into light neutralinos [13] . Regardless of the fate of the MSSM, one can easily imagine other models where a first-order EWPT is possible. These fall into one of the two classes:
• New physics in loops: New particles couple to the Higgs boson, but do not affect its tree-level potential. Loop corrections, however, may be large enough to alter the nature of the phase transition.
• New physics at tree level: The tree-level Higgs potential may differ from the SM, either due to mixing with other scalars, or due to higher-dimension operators [14] . Both effects may affect the phase transition.
In this paper, we focus on the first class of models. We do not commit to any specific, complete BSM scenario. Instead, we study a representative sample of simple toy models in which a first-order EWPT is possible. Our toy models have a very simple BSM matter content, just one new scalar field, allowing for a clear illustration of the underlying physics. Since only states that are light ( < ∼ 400 GeV) and have significant couplings to the Higgs can affect the EWPT dynamics, our results will in fact apply to a broad range of realistic BSM theories.
While direct searches for new physics at the Tevatron and the LHC place strong bounds on many BSM models, they do not preclude the possibility of BSM scalars in the 100 − 400 GeV mass range that we consider. Depending on the decay channels, even colored scalars in this mass range may be allowed. For example, the strongest current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron experiments and is about 100 GeV [15] . While the LHC experiments may be able to improve the bound in this particular case [16] , many other possibilities will likely escape direct detection even with the full LHC data set. These include, for example, a colored state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too heavy to participate in Higgs decays. On the other hand, any scalar which has a strong effect on the EWPT dynamics should be expected to modify the Higgs production cross sections and/or decay branching ratios. The connection between EWPT and the observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly model-dependent direct searches, precision measurements of the Higgs properties could provide a definitive answer to the question of whether a first-order EWPT in the early Universe is possible or not. The goal of this paper is to demonstrate that this is indeed the case, and identify the relevant observables and levels of precision needed to address this question.
More concretely, we will consider a single scalar 1 Φ, coupled to the Higgs via
While in the MSSM κ would be related to gauge and/or Yukawa couplings, here we consider it to be a free parameter, constrained only by perturbativity requirements. Assuming that κ ∼ O(1) (we will show in Sec. 4 that this is in fact a necessary condition for a first-order EWPT), we expect the following Higgs observables to be modified:
1. If Φ is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon fusion production cross section at the LHC. As we will see, this is already a powerful observable: for example, it completely excludes a first-order EWPT induced by a color-sextet Φ. For the case when Φ is a color triplet, all of the parameter space with a first-order EWPT will be probed at a 3σ level at the LHC-14 with a 3 ab −1 data set (HL-LHC).
2. If Φ is charged under U (1) EM , the coupling of the Higgs to photons, and therefore BR(h → γγ), is modified. This is potentially a spectacular observable. However, we will find that in many cases, a first-order EWPT is compatible with shifts in BR(h → γγ) that are too small to be observed at the LHC-14.
3. At one-loop level, the Higgs coupling to Z bosons is modified. This effect is present independently of the quantum numbers of Φ, since Φ necessarily renormalizes the Higgs wavefuniction [19, 20] . While numerically small, this correction may in fact be accessible at future electron-positron Higgs factories such as the ILC [21] or TLEP [22] , which can measure the Higgsstrahlung (e + e − → Zh) cross section with a sub-percent precision.
The first two of these points have been already studied in [11] [12] [13] 23] , for the particular case of Φ with the quantum numbers of the MSSM stop (and often with an extra assumption, that it has an MSSM quartic coupling). In this paper we extend this analysis to a broader range of BSM scenarios.
2 In general, we find that when Φ is colored, the hgg coupling provides the most sensitive probe. In fact, models with Φ in SU (3) c representations larger than a triplet, with a first-order EWPT, are already ruled out by the LHC data. For non-colored Φ, we find that the cross section σ(e + e − → Zh) can provide a robust and sensitive probe of the EWPT. (Another robust probe is the Higgs cubic self-coupling [25] ; however, experimental measurements of this coupling with required accuracy are very challenging.) We will show that some of the models we consider predict deviations large enough to be observed at the ILC, while the projected sensitivity of TLEP is sufficient to probe the entire parameter space with a first-order EWPT in all models under consideration.
The paper is organized as follows. Section 2 discusses the general theoretical framework for understanding the EWPT and the non-SM contributions to Higgs couplings in the class of models we consider, as well as defines the benchmark models used in our study. Section 3 contains a very simplified, analytic treatment of the EWPT, illustrating the connection between a first-order EWPT and the Higgs couplings corrections. The main results of our analysis, obtained via numerical treatment of the EWPT, are presented in Section 4. Finally, we discuss our results and outline some open questions in Section 5. Appendix A contains a collection of results useful in the effective thermal potential calculation.
Theoretical Framework
In this section, we will outline the theoretical framework of our analysis, and present a general argument connecting the EWPT dynamics with the zero-temperature couplings of the Higgs boson.
Higgs Potential and Electroweak Phase Transition: The SM and Beyond
In this paper, we assume that electroweak symmetry breaking is due to a single SM Higgs doublet H, with a tree-level potential given by
The measured Higgs vacuum expectation value (vev) v = µ/ √ λ = 246 GeV and Higgs boson mass m h = √ 2µ = 126 GeV determine the coefficients of this potential:
We assume that the dominant BSM correction to Higgs physics comes from loops of a single non-SM scalar field Φ, whose tree-level contribution to the scalar potential is of the form
We do not fix the SM gauge quantum numbers of Φ at this point; we will consider several possibilities as described in Sec. 2.3.
To study the EWPT dynamics, consider the effective finite-temperature potential V eff (ϕ; T ), where T is temperature. Physically, this object is just the free energy of the field configuration with a constant, spatially homogeneous Higgs field 4) and all other fields set to zero. Including one-loop quantum corrections, the effective potential has the form 5) where V 1 is the one-loop contribution to the zero-temperature effective potential (also known as Coleman-Weinberg potential), and V T is the thermal correction [26, 27] . Both V 1 and V T receive contributions from all particles coupled to the Higgs. A particle's contribution to both V 1 and V T is determined by its multiplicity g i , its fermion number F i , and its mass in the presence of a background Higgs field (or Higgs-dependent mass for short), m i (ϕ):
where v = 246 GeV is the zero-temperature Higgs vev. Notice that V 1 includes the counterterms required to maintain the tree-level values of µ and λ in Eq. (2.2). The multiplicity factors are normalized so that a gauge-singlet real scalar corresponds to g = 1, while a gauge-singlet Dirac fermion gives g = 4. In our analysis, we include the contributions of the BSM scalar Φ, as well as the SM top quark and the electroweak gauge bosons; for details, see Appendix A. We ignore loops of other SM particles due to their small couplings to the Higgs. It is well known that thermal perturbation theory contains infrared divergences in the limit of zero boson mass, resulting in an enhancement of certain class of multi-loop diagrams, so-called "daisy" diagrams, at large T . Fortunately, such diagrams can be resummed [28, 29] . The resulting "ring-improved" thermal potential is given by simply replacing m 2 i (ϕ) in Eq. (2.7) with the thermal mass: 8) where Π i are the one-loop two-point functions at finite temperature. At large T , they can be approximated as
The coefficients c i in the SM are listed in Appendix A, while the BSM contributions are summarized in Table 1 .
At high temperature, the thermal effective potential can be expanded as
where A depends on the particle content and couplings of the theory. In almost all known models, and certainly in all models studied here, A > 0, meaning that the full effective potential has a minimum at ϕ = 0. This minimum describes a state with unbroken electroweak symmetry, and at very high temperatures immediately after the Big Bang the Universe is in this state. (Here we make the standard and mild assumption that reheating temperature is well above the weak scale.) As the Universe cools, it transitions into the state of broken electroweak symmetry. In a first-order phase transition, the effective potential develops a local electroweak-symmetry breaking (EWSB) minimum at ϕ EWSB = 0 while ϕ = 0 is still the global minimum. Eventually, the EWSB minimum becomes energetically preferred, and the Universe tunnels into that state. We define the critical temperature T c to be the temperature at which the two vacua are degenerate. (Strictly speaking, the transition occurs at a somewhat lower temperature, but this difference is typically small.) The "strength" of the transition can be characterized by a dimensionless ratio
Larger values of ξ correspond to stronger deviations from quasi-adiabatic evolution, i.e. higher entropy production. Numerical studies show that a rough condition for successful electroweak baryogenesis is ξ > ∼ 0.9. We will use this value as a rough boundary between the regions of parameter space with and without a strongly first-order transition.
Higgs Couplings
In the class of models we consider, deviations from SM Higgs couplings are due to loops of Φ particles. An obvious place to look for such deviations is in couplings which first appear at the one-loop level in the SM, namely hgg and hγγ. Somewhat more surprisingly, we find that measurements of the hZZ coupling can also play an important role in constraining the EWPT dynamics. Even though in this case the BSM loops appear as small corrections to the SM tree-level coupling, the very high precision with which this coupling can be measured in the Higgsstrahlung process at e + e − Higgs factories makes it a sensitive probe of new physics. This probe is especially important in models where Φ is an SM gauge singlet, since in this case hgg and hγγ couplings remain unaffected.
Couplings to photons and gluons
The contribution of a particle with mass m h to these couplings can be described by effective operators,
where the normalization is chosen such that C γ = C g = 1 for the SM top quark at one loop. Here h is the physical Higgs boson,
), and F µν and G µν are the U (1) Y and SU (3) c field strength tensors, respectively. The contributions of a new heavy scalar Φ can be found using the well-known "low-energy theorems" [30, 31] . At one loop,
where C 3 (r Φ ) is the quadratic Casimir of the SU (3) representation of Φ, and Q Φ is its electric charge. The fractional deviations of the hgg and hγγ couplings from the SM are
where the contribution of the W loop has been taken into account in the photon coupling. Notice that the non-SM contributions to the Higgs couplings are determined by exactly the same object, the Higgs-dependent mass of the field Φ, as the effective Higgs potential, see Eqs. (2.6) and (2.7). For this reason, one should expect a generic, robust connection between the coupling shifts and the EWPT dynamics. 3 In particular, large deviations from the SM in the effective potential, required for a strongly first-order EWPT, should correspond to large, observable corrections to SM Higgs couplings. In the rest of this paper, we will quantify this connection.
Coupling to Zs
An exception to the above argument occurs when the Φ field is neither colored nor electrically charged. Such a field can still drive a first-order EWPT, if it is strongly coupled to the Higgs and/or has a large multiplicity factor, e.g. due to a BSM global symmetry [33] . It obviously does not contribute (at one-loop) to hgg or hγγ couplings. However, it does induce a one-loop contribution to the Higgs wavefunction renormalization. Experimentally, the best place to search for this effect is in the e + e − → hZ cross section, which can be measured with a very high precision at a next-generation electron-positron collider. If the Φ field is an SM gauge singlet, the fractional deviation of this cross section from its SM value is given by [19, 20] 
where
, and
τ Φ + . . ., so that the shift in δ hZ decouples in the large m Φ limit.
Below, we will also apply Eq. (2.13) to models in which Φ is not an SM gauge singlet, and thus has direct gauge couplings to the Z. In those models, the oneloop contribution to the e + e − → hZ cross section contains the vertex correction and the Z wavefunction renormalization pieces as well. However, those corrections are subdominant to the Higgs wavefunction renormalization, as noted in Ref. [19] . One reason for this is that the Higgs wavefunction is the only correction which scales as κ 2 , the others scaling as κg 2 and g 2 ; in our case, κ g 2 throughout the interesting parameter region.
It was shown in [20] that this deviation can be used as a powerful probe of naturalness in models where the top loop quadratic divergence in the Higgs mass parameter is canceled by a non-colored partner (e.g., "folded SUSY" [34] ). Typically, these models predict an O(1%) deviation from the SM value, which should be observable either at TLEP or at the ILC. However, the effect is much more general: any new particle with significant coupling to the Higgs will inevitably contribute. We will show in Sec. 4 that the entire parameter space where the first-order EWPT is driven by an SM gaugesinglet Φ can be probed at TLEP. Moreover, we will show that even in some cases where Φ is electrically charged, this deviation can be easier to probe than deviation in the hγγ coupling, given the projected experimental sensitivities in the two channels at e + e − Higgs factories. To illustrate the connection between EWPT dynamics and Higgs couplings, we will study several benchmark models, which differ in the SM gauge quantum numbers assigned to the BSM scalar field Φ. The models are summarized in Table 1 . Note that we label some of the models with the names of a SUSY particle with quantum numbers of Φ, the right-handed stop and left-handed/right-handed stau; however, in these cases as in all others, the coupling constants κ and η are unconstrained. For each model, in addition to the quantum numbers of Φ, we list its multiplicity g Φ , its SU (3) and SU (2) quadratic Casimirs C 3 (r) and C 2 (r), as well as the thermal masses of the SM gauge and Higgs bosons in the high-temperature limit. The thermal masses of the gauge bosons, Π W and Π B , include both the SM and the Φ loop contributions. For the Higgs, we list only the additional contribution due to Φ loops; the SM contributions are discussed in Appendix A. The thermal mass of the Φ itself is given by
Benchmark Models
where g s , g and g are the SM SU (3) c , SU (2) L and U (1) Y gauge couplings, respectively.
Direct Collider Constraints on the Benchmark Models
In this paper we will mostly consider BSM scalars in a physical mass range ∼ 100 . . . 400 GeV, some of them colored. One might naively expect that most of them are already excluded by direct Tevatron and LHC searches. In this short subsection we show that it is not the case, and many viable scenarios are still essentially unconstrained by direct searches. Moreover, many of them will be very hard to constrain directly, and, therefore, the Higgs couplings that we exploit in this paper are going to provide the only robust handle which will allow us either to discover, or to exclude these particles. Let us start with the colored particles. First, it is almost impossible to discuss the direct searches in a completely model independent way, and we should specify possible decay modes. The first two benchmark models in Table 1 can be perfect examples of "diquarks", namely particles which are pair-produced, and each of which decays into a pair of jets. As was shown in [35] , these particles are safe from the point of view of FCNCs, while direct searches only constrain their mass to be m > ∼ 100 GeV [15] . Therefore we conclude that if these are indeed diquarks, they are unconstrained in the relevant mass range. Of course, the Φ in the "RH stop" benchmark model could also be a "true stop" of R-parity conserving SUSY (while other superpartners are heavy, and their impact on the phenomenology can be safely neglected), and in this case it is mostly excluded in the interesting mass range [36] [37] [38] , except for a small "island" of stealth stops. However, we should bear in mind that these strong bounds are only applicable to a particular decay mode, t+MET, and do not constrain, for example, diquarks with the quantum numbers of RH stop.
Our third benchmark model has gigantic production cross sections for a new colored scalar (since it is a sextet of SU (3)), and if it had been a diquark, it would have been excluded by straightforward diquark LHC searches, see e.g. [39] [40] [41] . However, Φ ∼ (6, 1) 8/3 cannot be coupled to the SM fields through a renormalizable operator. The lowest order coupling we can write down is L ∝ Φ(u c ) 4 , which a-priori implies a complex decay pattern, potentially including secondary vertices, tops and multiple jets. We are not aware of any direct LHC search which might exclude such a particle in general. However, as we will see in Sec 4, it is in fact excluded simply by Higgs production rates in gluon fusion.
Our last three benchmark models are even more evasive, since in these models Φ is uncolored and has a very small production cross section at the LHC. Particles with such small cross sections can probably be discovered only if they have spectacular decay modes (e.g. all-leptonic decay, not including τ ), and in general can be considered unconstrained above the LEP bounds, generically m > ∼ 100 GeV. Clearly, the last option (the SM singlet) is not even produced directly, and therefore it is hard to imagine that it is can be found in a hadron collider, unless through modification of the SM Higgs decay modes (or by introducing new rare exotic decay modes, e.g. h → invisible). Therefore, we conclude that generally all our benchmark models are unconstrained by current direct searches in the Φ mass region relevant for our analysis.
EWPT/Higgs Coupling Connection: Analytic Treatment
Before presenting numerical results, let us consider a much-simplified treatment of the problem which can be carried through analytically. Even though the approximations made here are often not strictly valid in examples of real interest, this analysis nevertheless provides a qualitatively correct and useful illustration of the physics involved.
To drive a first-order EWPT, the BSM scalar Φ should provide the dominant loop contribution to the Higgs thermal potential at T ∼ T c . Let us therefore ignore the SM contributions. If T c is significantly higher than all other mass scales in the problem, a high-temperature expansion of the thermal potential can be used to analyze the phase transition, and zero-temperature loop corrections to the effective potential can be ignored. For simplicity, we will also omit the resummed daisy graph contributions to the thermal potential. In this approximation,
The Φ mass in the presence of a background Higgs field is given by
If m 0 is sufficiently small, the second term in the thermal potential (3.1) is effectively cubic in ϕ. Such a negative ϕ 3 term can result in a stable EWSB minimum of the potential at high temperature, as required for first-order EWPT. Motivated by this, let us consider the case m 0 = 0, which allows for simple analytic treatment. The effective potential is
The unbroken symmetry point ϕ = 0 is a local minimum as long as
The location of the other minimum is given by the larger root, ϕ + , of the quadratic equation
The critical temperature T c for the first-order transition is determined by the condition
Solving Eqs. (3.5), (3.6) yields
Requiring that a first-order transition occurs, T 2 c > 0, and is strongly first-order, ϕ + (T c )/T c > 1, yields a range of acceptable values of κ:
As an example, consider a color-triplet, weak-singlet Φ field, as in the "RH stop" or "Exotic Triplet" benchmark models of Table 1 . In this case, our estimate suggests that a strongly first-order transition occurs for values of κ between 1.1 and 2.2. At the same time, the Φ loop contribution to the Higgs-gluon coupling is
(3.9)
In the limit m 2 0 κv 2 , which for κ ∼ 1 corresponds to a broad range of m 0 , we obtain R g ≈ 1/8, or a 12.5% enhancement in the hgg coupling compared to the SM. In fact, even larger enhancements are possible for negative values of m 2 0 . Of course, the hgg deviations from the SM become small when m 2 0 κv 2 ; however, in this regime, the Φ mass is well above the weak scale, and it does not affect the EWPT dynamics either. Thus, models with first-order EWPT should produce a large effect, of order 10% or more, in the Higgs-gluon coupling. This conclusion will be confirmed by the numerical analysis in the following section.
Results
We developed a numerical code to analyze the dynamics of the electroweak phase transition in each of the benchmark models listed in Table 1 . Given the model and the values of the free parameters, m 0 , κ and η, the code computes the effective potential as a function of temperature, Eq. (2.5), and identifies the critical temperature T c . The x integral in the finite-temperature potential (2.7) is performed numerically, with no high-temperature approximation. This is important since the critical temperature in our models is typically of order 100 GeV, which is at the same scale as the masses of the particles involved. To identify the region in the parameter space of a given model where a strongly first-order phase transition occurs, we compute T c and ξ on a dense grid of points in this space. We then analyze the deviations of the Higgs couplings from the SM in this region.
The results of this analysis are summarized in Figs. 1-6 . In all benchmark models, we fixed η = 1.0, with the exception of the Singlet model in which this value of η produces no viable parameter region with a first-order EWPT; in this case, we choose η = 2.0. The coupling constant κ is scanned between roughly 1.0 and 3.0; for smaller κ, no points with a strong first-order EWPT have been found, while for higher κ, perturbative expansion of the effective potentials is questionable. In the plots, we use the physical, zero-temperature mass of the Φ scalar, given by We scan m phys between (roughly) 150 and 400 GeV; we do not find points with a strongly first-order EWPT (and perturbative κ) outside of this range. (Once again, we emphasize that such relatively light scalars are still allowed by direct searches, even if they are colored; see Sec. 2.3.1.) Note that for some points in the scanned region, the "bare" (pre-EWSB) mass 2 of the Φ field may be negative, m 2 0 < 0. In this case, it is possible that the system will undergo a phase transition in which Φ develops a vev, at a temperature above the T c found by our code. If this scenario occurs, our analysis of the phase transition dynamics is no longer valid, since it assumed that no fields other than H get a vev. The regions of parameter space where this happens are shaded on the plots. While we do not claim that these regions are necessarily ruled out (for example, the Universe may undergo a second EWSB phase transition resulting in a phenomenologically acceptable vacuum at late times), the cosmological evolution in this case is much more complicated, and we will not consider it here. In any case, as will be clear from our plots, the deviations of the Higgs couplings in the shaded region are larger than in the regions we consider "allowed"; therefore, the statements we will make concerning the minimal experimental precision required to conclusively probe the first-order EWPT scenarios in each model would still apply if portions of the shaded regions turn out to be phenomenologically acceptable. By the same token, we do not incorporate the constraint of stability (or metastability) of the standard EWSB vacuum at zero temperature, which also may play a role for negative m 2 0 . If some of the regions included in our plots turned out to be being ruled out by this constraint, this would only strengthen our conclusions.
For the benchmark models with colored scalar (RH stop, Exotic Triplet and Sextet), we plot the contours of fractional deviation of the hgg and hγγ couplings from their SM values. Note that the hgg coupling is enhanced in all models we study, while the hγγ coupling is always suppressed. For comparison, the current bounds on these couplings reported by the ATLAS collaboration [42] are R g = 1.08 ± 0.14,
These results already have interesting implications for the possibility of a strongly firstorder EWPT. In particular, the Sextet model, where the deviations in the hgg coupling in the region with first-order EWPT are predicted to be 70% or above, is completely excluded. 4 It is clear that models where Φ is in even larger representations of SU (3) c , e.g. an octet, are also ruled out. The RH Stop and Exotic Triplet models, on the other hand, are still compatible with data at 68% CL. However, a dramatic improvement in Table 1 ). Fig. 1 , for the Sextet model (see Table 1 ).
precision expected in future experiments will allow these models to be probed. In both models, the minimal deviation in the hgg coupling compatible with a strongly first- order EWPT is about 17%. A recent Snowmass study [1] estimated that this coupling can be measured with a precision of 6 − 8% at the LHC-14, 3 − 5% at HL-LHC, 2% at the ILC, 1% at the ILC with a luminosity upgrade, and 0.8% at TLEP. (Note also that while the LHC numbers make certain assumptions about the total width, the e + e − machines can measure the hZZ coupling without such assumptions, establishing a firm model-independent normalization for all measurements.) If no deviations from the SM are seen in the hgg coupling after such precise measurements, the possibility of a firstorder EWPT driven by a single colored scalar will be conclusively ruled out. We find that for models with colored BSM scalars, the hγγ measurement is not as sensitive as hgg: the projected sensitivities for the two couplings are similar, but the predicted size of the effect in the photon coupling is smaller due to the large SM W -loop contribution to this coupling. In models where the BSM scalar is not colored, the hgg coupling remains at its SM value. The LH Stau and RH Stau models provide examples where the BSM scalar is Figure 5 . Same as Fig. 1 , for the "LH stau" model (see Table 1 ).
electrically charged, and modifies the hγγ coupling. The minimal shift in this coupling compatible with a strongly first-order EWPT is about 4 − 5% in both models. This is clearly too small to be constrained by the present data, but may be probed by future experiments. The Snowmass study [1] projects a precision of about 2% at an upgraded ILC running at √ s = 1 TeV, and about 1.5% at TLEP, enabling the entire region of parameter space with a first-order EWPT to be probed at a ∼ 3 sigma level.
Interestingly, a precise measurement of the Higgsstrahlung cross section at a future e + e − Higgs factory could provide an even more sensitive probe in these models. The minimal shift in this cross section compatible with a first-order EWPT is about 0.8% in the LH Stau model, and 0.6% in the RH Stau model. The projected precision at ILC-500 (with a luminosity upgrade) is about 0.25%, while TLEP is projected to measure this cross section with an impressive 0.05% accuracy. Such a measurement would provide a definitive probe of the possibility of a first-order EWPT in these models. Finally, if the BSM scalar responsible for the first-order EWPT is neither colored nor electrically charged, electron-positron Higgs factories can still explore this scenario by measuring the e + e − → hZ cross section, and the Higgs cubic self-coupling. This is illustrated in Fig. 6 . The minimal fractional deviation in the hZ cross section compatible with a first-order EWPT is about 0.6%, similar to the "stau" models above. This can be probed at a ∼ 2.5 sigma level at an upgraded ILC-500, and comprehensively tested at TLEP. In contrast, the predicted deviations in the Higgs cubic self-coupling are in the 10 − 20% range, making them difficult to test at the proposed facilities. (The accuracy of the self-coupling measurement at an ILC-1T with luminosity upgrade is estimated to be about 13% [1] , while at TLEP it can be measured with a precision of about 30% via its contribution to Higgsstrahlung [43] .) Thus, it appears that the Higgsstrahlung cross section provides the most sensitive probe of this challenging scenario.
Discussion
In this paper, we considered several toy models which can induce a first-order electroweak phase transition in the early Universe. In all models, we found a strong correlation between the strength of the phase transition and the deviations of the Higgs couplings from the SM. This suggests that precise measurements of the Higgs couplings have a potential to definitively determine the order of the electroweak phase transition. Such a determination would be not only fascinating in its own right, but would also have implications for other important questions in particle physics and cosmology, such as viability of electroweak baryogenesis. We emphasize that an electron-positron Higgs factory, such as the proposed ILC or TLEP, plays an absolutely crucial role in determining the order of the phase transition. Models where the BSM scalar responsible for a first-order EWPT is colored can be probed at the LHC, with HL-LHC providing a coverage of the relevant parameter space at > 3 sigma level in all such models. However, scenarios where the first-order EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be able to probe these scenarios: in fact, even when Φ is electrically charged, the shift it induces in h → γγ in the region compatible with a first-order EWPT is too small to be probed even at the HL-LHC. On the other hand, e + e − Higgs factories will be able to comprehensively explore such scenarios, primarily due to a very precise measurement of the Higgsstrahlung cross section, σ(e + e − → Zh). The impressive sensitivity of this measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust and powerful tool for addressing the issue of EWPT dynamics.
An important limitation of our analysis is that all our benchmark models have a single scalar field. The most important new effect in the presence of multiple fields with masses around the weak scale is the possibility of accidental cancellations in the BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector contribution to Higgs coupling to gluons and photons is approximately given by [44, 45] 
where mt i are the stop eigenmasses, and X t = A t − µ/ tan β. It is possible for the last term to cancel the first two, reducing or nullifying the deviations of these couplings from the SM. Since functional dependence of the effective thermal potential on the stop masses is quite different, the stop effects there would not cancel, and the possibility of a first-order transition may remain open even after very precise measurements of R g and R γ . (Note that in the MSSM itself this possibility is not realized due to Higgs mass constraint; it would require a model where two light stop-like particles are compatible with a 125 GeV Higgs.) Of course, there is no known symmetry to enforce the cancellation in Eq. (5.1), so such a scenario would require fine-tuning. More interestingly, it appears that this scenario should still be testable by a precise measurement of σ(e + e − → Zh) at an electron-positron Higgs factory. Since the contribution of each stop mass eigenstate to the Higgs wavefunction renormalization is proportional to the square of the stop-Higgs coupling, these contributions should be additive, and thus should be of the same order as in our single-field models. We leave a detailed analysis of this interesting issue for future work.
Another potential issue for our analysis is the importance of higher-loop corrections. For example, two-loop corrections to the thermal potential are known to be sizable in the SM [6] and the MSSM [46, 47] . In general, we expect that two-loop QCD corrections could be important in benchmark models with colored Φ. To partially address this issue, we compared the EWPT strength parameter ξ for the "RH stop" model, computed in the one-loop approximation of this paper, with the two-loop results of Ref. [48] . We found that our results are in good qualitative agreement with Fig. 2 of [48] , indicating that qualitative conclusions of our study should apply after two-loop corrections are taken into account.
Finally, as stated in the Introduction, this paper only considered one of the two mechanisms for obtaining a first-order EWPT: new physics in loops. There are of course many models where a first-order EWPT is due to tree-level effects, such as mixing of the Higgs with other fields or higher-dimension operators. In such models, Higgs couplings are typically already modified at tree-level, which should lead to even larger deviations from the SM than in the cases considered here. A comprehensive study of the Higgs couplings/EWPT correlations in this class of models would be worthwhile. gauge bosons is given by
where g 2 is the SU (2) L gauge coupling, and θ i ≡ θ(T − m i ) is a step function equal to 1 if T > m and 0 if T < m. The second line is the high-temperature approximation, valid for T > m t . Any new SU (2) doublet contributes to this thermal mass
where the normalization in the second formula corresponds to a single Weyl fermion.
Note that here we assumed that different components of the SU (2) doublet, which we denote by subscripts "u" and "d", may have different masses. Generalizing to arbitrary representations r and neglecting the splittings between up-and down-component we get Similarly, the SM contribution to the thermal mass of W 3 is
As in the previous case, any new particle in generic representation r of the SM gauge group contributes to this expression where r stands for the representation of the scalar, and (T a (r)T a (r)) ij ≡ C N (r)δ ij . Note that the Higgs is a doublet of SU (2) and C 2 (r = 2) = 3/4. Hence, the gauge contribution in the SM reads Since in this paper we introduce different scalars with exotic representations, which theoretically can affect the EWPT, we list here for completeness quadratic Casimirs of the lowest representations of SU (2) and SU (3), namely for SU (2): C 2 (2) = 3/4, C 2 (3) = 2, and for SU (3): C 3 (3) = 4/3, C 3 (6) = 10/3 and C 3 (8) = 3.
To work out the contribution to the Higgs thermal mass from its self-couplings and Goldstone modes, we plug Eq. (A.1) into the thermal potential and expand to the leading order in T . This yields
Finally, it is necessary to take into account the contribution from the top quark. In our normalization, the Higgs coupling to quarks reads Note that in our conventions y t ≈ 1 and v = 246 GeV. Now we add to these calculations a BSM scalar in an arbitrary representation of the SM gauge groups, with the potential (2.3). Its contribution to the thermal mass of the Higgs reads 
